In this study, the sorption of Cu(II) ions from aqueous solution onto NaOH-treated kenaf core fibres was investigated. The kenaf core fibres were milled into different sizes and treated with NaOH before being used to investigate their efficiency in removing Cu(II) ions from aqueous solutions. Sorption studies were performed at a pH value of 5. Sorption of the Cu(II) ions increased and the sorption yield decreased with increasing initial Cu(II) ion concentration. The sorption data were correlated with the Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherms. The values of the correlation coefficients obtained indicated that the Langmuir isotherm fitted the experimental data better than the Freundlich and D-R isotherms. Kenaf core fibres with fibre sizes in the range 150-300 µm possessed the highest sorption capacity. The calculated parameters of the isotherms suggest that the uptake of Cu(II) ions occurred at the homogeneous active sites on the surfaces of the kenaf core fibres.
INTRODUCTION
Intensive industrial developments, such as plastic manufacturing, electroplating and mining, have resulted in the contamination of wastewaters by heavy metal ions. These contaminants, such as Cu(II), Ni(II), Zn(II), Cd(II) and Pb(II) ions, can readily accumulate in living organisms and result in various diseases in the ecosystem (Arief et al. 2008; Yap et al. 2002) . Heavy metal ions are persistent and cannot be readily degraded, and can result in various diseases such as liver damage, Wilson's disease, insomnia, etc. Of such heavy metals, copper is one of the most widely used especially in metal-bearing industries. Copper ions tend to accumulate in living organisms and can lead to fatal effects (Huang et al. 2009; Ng et al. 2002) .
Different types of methods are available for the removal of heavy metal ions from wastewater, including chemical precipitation, ion-exchange, electroflotation, membrane separation, reverse osmosis, electrodialysis and solvent extraction (Wan Ngah and Hanafiah 2008) . Of these techniques, ion-exchange (sorption) offers the simplest and cheapest method for removing metal contamination from the ecosystem. Activated carbon is one of the most widely used sorbents employed for such purposes, due to its effectiveness in the removal of heavy metal ions. However, in terms of economic feasibility, activated carbon is relatively expensive for use in small-scale industries and requires complexing agents to improve its removal performance (Babel and Kurniawan 2003) . Various types of natural inorganic (Nadaroglu et al. 2010; Sorioglu et al. 2005; Wang et al. 2009 ) and organic sorbents (Huang et al. 2009; Arslanoglu et al. 2008; Djeribi and Hamdaoui 2008; Sciban et al. 2006; Zhu et al. 2008) Kenaf (Hibiscus cannabinus L.) is a herbaceous annual plant of the Malvaceae family. Within three months, it can grow to over three metres in height even under moderate ambient temperatures. Kenaf consists of two different fibres, i.e. bark fibres and short fibres; each comprises 35% and 65% of the fibrous part, respectively, of the entire kenaf plant (Manzanares et al. 1997) . Kenaf bark fibres have been utilized in preparing fibre-reinforced composites (Nishino et al. 2003; Serizawa et al. 2006 ) and pulp paper (Ververis et al. 2004 ), due to their high fibre length. However, kenaf core fibres are relatively short and thick, which limits their application in making papers and composites. Instead, kenaf core fibres have been used as animal bedding material due to their great moisture sorption capacity (Chol and Cloud 1992) . Recently, the Malaysian government decided to replace tobacco plantations with kenaf under the 9th Malaysia Plan (Edeerozey et al. 2002) and for this reason it would appear worthwhile to exploit the potential applications of kenaf fibres, especially as kenaf core fibres.
In the present study, the effectiveness of kenaf core fibres in removing Cu(II) ions from aqueous solution has been studied. The kenaf core fibres were ground into four different sizes and subsequently treated with NaOH prior to sorption experiments. The sorption performance of kenaf core fibres of various sizes was investigated in detail using the Langmuir and Freundlich isotherms to fit the experimental data. The results obtained have also been used to compare the data with those reported in previous studies of the removal of Cu(II) ions from aqueous solution using different sorbents.
EXPERIMENTAL

Kenaf fibres and pre-treatment
Kenaf core fibres were obtained from the Forest Research Institute of Malaysia (FRIM). The kenaf core fibres were milled and sieved into four different sizes, viz. 45-106, 106-150, 150-300 and 300-500 µm, respectively. Prior to the sorption studies, the kenaf core fibres were pre-treated by soaking in 0.1 M NaOH for 1 h with agitation at 500 rpm, employing a solid-to-liquid ratio of 50 g/ᐉ. This treatment was used to remove any possible contaminant arising from the milling process. The pre-treated kenaf core fibres were then rinsed with de-ionized water until the pH of the filtrate dropped to ca. 7. The washed kenaf core fibres were dried overnight at 50 o C and stored in a desiccator prior to use.
Characterization of kenaf core fibres
The BET surface areas of the kenaf core fibres with different fibre sizes were determined using a BET analyzer (Micromeritics ASAP-2020). The effect of alkaline treatment on the morphology of the kenaf core fibres was examined using a scanning electron microscope (SEM, LEO-1450 VP).
Copper(II) solutions
Copper(II) ion solutions were prepared by dissolving an accurate quantity of A.R. grade copper chloride trihydrate (CuCl 2 •3H 2 O) in de-ionized water. The pH values of the solutions were adjusted by the addition of 0.1 M NaOH or 0.1 M HCl.
Sorption experiments
In the current study, the sorption performance of the kenaf cor e fibres towards Cu(II) ions was investigated over the Cu(II) ion concentration range 5-30 mM. All batch experiments were carried out at room temperature (20 ± 1 o C) in 100 mᐉ vials employing 50 mᐉ of Cu(II) ion solution and 0.5 g of kenaf core fibres. A pH value of 5.0 was used in this study. This pH value has been shown to be the optimum condition for avoiding the formation of other copper ion complexes and to achieve the greatest number of active sorption sites on lignocellulosic sorbents (Huang et al. 2009; Zhu et al. 2008) . The vials were sealed and shaken on a reciprocating shaker at room temperature for 24 h to reach sorption equilibrium. At the end of the sorption process, the resulting mixture was filtered using a qualitative filter paper (Advantec, 0.45 µm) and the pH of the filtrate adjusted to < 2.5 by adding HCl to avoid the formation of precipitates before elemental analysis. The equilibrium concentration of Cu(II) ions in the filtrate was determined employing an inductively coupled plasma emission spectrophotometer (Perkin Elmer ICP-ES-45000).
RESULTS AND DISCUSSION
Sorbent characterization
The BET surface areas of the kenaf core fibres of different sizes are summarized in Table 1 . The BET surface area for the raw (unmilled) kenaf core fibres was 2.39 m 2 /g. The results show that the NaOH-treated kenaf core fibres with fibre sizes in the range 150-300 µm possessed the highest BET surface area, i.e. 5.44 m 2 /g. Decreasing the fibre size to 45-106 µm led to a decrease 3.14 in the BET surface area to 0.81 m 2 /g. This could have been due to the smaller-sized kenaf fibres having a more ruptured and open pore structure as a result of the milling action. Consistent results were also obtained from the corresponding scanning electron micrographs (Figure 1 ). The fibre length decreased with decreasing fibre size, with kenaf core fibres of size 45-106 µm containing a large portion of fine fibre. This could be the reason for the reduction in the surface area of the fibres. The scanning electron micrographs also reveal the porous structure of the NaOH-treated kenaf core fibres, which could have been an important feature in the removal of metal ions from aqueous solution by these fibres. Figure 2 shows the effect of the initial Cu(II) ion concentration on the sorption yields of the differently-sized kenaf fibres. The initial metal ion concentration provides the driving force for overcoming the mass-transfer barrier between the sorbent and sorbate medium. As shown in the figure, the sorption yields for all kenaf fibres decreased exponentially with increasing Cu(II) ion concentrations. Higher initial concentrations of Cu(II) ions led to the occupation of a greater number of the available sorption sites on the sorbent, with the result that sorption saturation was attained more rapidly.
Effect of initial Cu(II) ion concentration
Sorption isotherms
Many model sorption isotherm expressions have been applied to sorption experimental data, especially those obtained for heavy metal ions. Of these models, the Langmuir and Freundlich isotherm equations have been widely used due to their feasibility and associated strong theoretical reasoning. The Langmuir isotherm model assumes monolayer coverage of the sorbate over a homogeneous sorbent surface, with each molecule adsorbed onto the surface having the same sorption activation energy (Sohn and Kim 2005), while the Freundlich isotherm describes reversible sorption and is not restricted to the formation of the monolayer. The Langmuir and Freundlich isotherms may be expressed as:
where q e is the amount of Cu(II) ions adsorbed per unit mass of sorbent at equilibrium (mmol/g), C e is the equilibrium concentration of Cu(II) ions in solution (mmol/ᐉ), q max is the maximum sorption capacity per unit weight of fibre (mmol/g) and b is a constant related to the sorption energy (ᐉ/mmol). The quantities K F and 1/n are the Freundlich constants, with K F corresponding to the relative sorption capacity of the sorbent while n represents the degree of dependence of sorption on the equilibrium concentration of Cu(II) ions. These two constants can be used to determine whether the nature of the sorption process is favourable or unfavourable. Another model used in the present study, i.e. the Dubinin-Radushkevich (D-R) isotherm, does not involve the assumption of homogeneity for the sorbent surface. The D-R isotherm may be written as:
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where q m is the D-R isotherm constant corresponding to the theoretical saturation sorption capacity while the constant β is related to the mean free energy of sorption per mole of the sorbate (mol 2 /kJ 2 ). The Polanyi potential, ε, is equal to RT ln[1 + (1/C e )], where R is the gas constant and T (K) is the absolute temperature. Figure 3 shows the sorption isotherms of Cu(II) ions onto the NaOH-treated kenaf core fibres with various fibre sizes. According to the Giles classification, all the isotherms obtained in this study had shapes which conformed to the L2 type (Giles and Smith 1974). The sorption capacities for all the kenaf fibre samples increased as the equilibrium Cu(II) ion concentration in the solution increased. The experimental data were modelled using the Langmuir, Freundlich and D-R isotherm models and the isotherm constants calculated from the slopes and intercepts of the corresponding plots of C e /q e versus C e , ln q e versus ln C e and ln q e versus ε 2 (Figure 4 ) are summarized in Table 2 . The data for the sorption of Cu(II) ions onto the kenaf core fibres were well fitted by the Langmuir isotherm model, as demonstrated by the high correlation coefficients obtained compared to those for the application of the Freundlich and D-R isotherm models. This might be due to the homogeneous distribution of active sites on the surfaces of the kenaf core fibres (Alkan and Doǧan 2001). The maximum sorption capacity (q max ) towards the sorption of Cu(II) ions increased as the size of the fibres decreased. Thus, the kenaf fibres with a fibre size of 150-300 µm had the highest q max value of 0.380 mmol/g for the sorption of Cu(II) ions. This could be attributed to the increase in the fibre surface area as the fibre size decreased (see data recorded in Table 1 ). However, the maximum sorption capacity for Cu(II) ions decreased to 0.249 mmol/g for the kenaf core fibre sample with a fibre size of 45-106 µm. These results are consistent with the BET data, suggesting that the surface area of the sorbent plays an important role in determining the efficiency of metal ion uptake. In order to establish the feasibility of the isotherm, a dimensionless constant separation factor or equilibrium parameter, R L , was calculated using the equation below: (3) where b is the Langmuir isotherm constant and C 0 is the highest initial Cu(II) ion concentration. The value of R L indicates whether the isotherm is irreversible (R L = 0), favourable (0 < R L < 1), linear (R L = 1) or unfavourable (R L > 1). Application of equation (3) to the experimental data demonstrated that the sorption of Cu(II) ions onto NaOH-treated fibres was favourable ( Table 2) .
The values of the constants K F and q m obtained from the linear Freundlich and D-R plots, respectively, were consistent with the value of q max obtained using the Langmuir model, i.e. the kenaf core fibres with fibre sizes in the range 150-300 µm exhibited the highest sorption capacity towards Cu(II) ions. The value of the Freundlich constant n for all the kenaf fibres samples was higher than 1, Sajab et al./Adsorption Science & Technology Vol. 28 No. 4 2010 (Zhu et al. 2008) . Of the three isotherms, the D-R isotherm gave the lowest correlation coefficient. This provides further proof of the existence of homogeneous active sites on the surface of the kenaf core fibres for the sorption of metal ions. Generally, it may be argued that fitting the experimental sorption data by various isotherm models does not provide a meaningful method for explaining the actual sorption mechanism. Nevertheless, some of the parameters derived from the isotherms are important for optimization purposes. For example, the maximum sorption capacity (q max ) obtained from the Langmuir isotherm is a parameter which is widely reported. Hence, in the present study, it has been employed for comparing our data with the sorption capacities of different sorbents as reported in previous studies (Table 3 ). The results show that the behaviour of kenaf core fibres is comparable to that of other sorbents. It is thus possible that kenaf core fibres could find a specialized use in water-treatment facilities.
CONCLUSIONS
In the present study, kenaf core fibres were used for the removal of Cu(II) ions from aqueous solution. The kenaf core fibres were milled and sieved into four different sizes (45-106, 106-150, 150-300 and 300-500 µm), followed by treatment with NaOH prior to use in the sorption studies. The sorption of Cu(II) ions increased and the sorption yield decreased exponentially as the initial Cu(II) ion concentration increased. The corresponding correlation coefficients showed that the experimental data were better fitted by the Langmuir isotherm than by the Freundlich and D-R isotherms. Because they possessed the highest BET surface areas, the NaOH-treated kenaf core fibres of size 150-300 µm showed the highest sorption capacity relative to the other sizes of kenaf core fibres studied. Application of the Freundlich isotherm suggested that the sorption process was favourable at higher metal ion concentrations. The fact that the Langmuir isotherm exhibited the highest correlation coefficient while the D-R isotherm exhibited the lowest correlation coefficient suggests the presence of homogeneous active sites capable of sorbing metal ions on the surfaces of the kenaf fibres. The NaOH-treated kenaf core fibres could be a potential sorbent for the removal of heavy metal ions from aqueous solutions.
